Abstract-Wireless passive temperature sensors are receiving increasing attention due to the ever-growing need of improving energy efficient and precise monitoring of temperature in hightemperature energy conversion systems, such as gas turbines and coal-based power plants. Unfortunately, the harsh environment, such as high temperature and corrosive atmosphere present in these systems, has significantly limited the reliability and increased the costs of current solutions. Therefore, this paper presents the concept and design of a low cost, passive, and wireless temperature sensor that can withstand high temperature and harsh environments. The temperature sensor was designed following the principle of metamaterials by utilizing closed ring resonators in a dielectric ceramic matrix. The proposed wireless, passive temperature sensor behaves like an LC circuit, which has a temperature-dependent resonance frequency. Full-wave electromagnetic solver Ansys Ansoft HFSS was used to validate the model and evaluate the effect of different geometry and combination of split ring resonator structures on the sensitivity and electrical sizes of the proposed sensor. The results demonstrate the feasibility of the sensor and provide guidance for future fabrication and testing.
remote sensing platforms. Sensing in harsh environments such as high temperature and corrosive conditions is crucial in many automotive and industrial applications such as power plants, gas turbines, space shuttles and air crafts. These applications require that the sensor is easy to fabricate, cheap, small, easy to integrate and highly reliable. However, most existing solutions require a power source or have low temperature limitations [1] [2] [3] . Optical based wireless sensors were developed but the accuracy was not satisfactory [4] , [5] . SiC and Si 3 N 4 based micro-sensors have been introduced in a harsh chemical environment at high temperature, but the complexity of the fabrication process makes it costly [6] , [7] . Temperature sensing has received wide attention recently because of its importance for the effective operation of many industrial systems. Several approaches were made to develop a passive, wireless temperature sensor for high temperature operations. Scott and Peroulis [8] presented a slot antenna with an embedded temperature sensor which can sense up to 300°C. Yang [9] proposed a silicon carbide wireless sensingsystem that can operate at 450°C under high centrifugal load. Cheng et al. [10] have developed a resonator/antenna based wireless temperature sensor and reported test results at 1000°C. Thai et al. [1] used micro-bimorph cantilevers to develop an ultrasensitive temperature sensor working at a high frequency of 30 GHz. Metamaterials have drawn significant attention lately because of their ability to display extraordinary properties such as negative refractive index, reverse Doppler effect etc. [11] [12] [13] [14] . Several approaches were reported to develop wireless sensors inspired from the concept of metamaterials, which are man-made materials that can display properties that are not normally observed in nature. A metamaterials based Surface Plasmon Resonance (SPR) sensor in terahertz region was proposed by Arbabi et al. [15] . Melik et al. demonstrated an RF-MEMS and nested SRR based setup for strain measurement [16] . He et al. [17] developed a thin layer sensor with tip-shaped SRR metamaterials for microwave region. Xia et al. [18] proposed a sensor based on a single SRR metamaterial structure for wireless sensing of gas density, temperature, gas pressure, etc. Ekmekci et al. [19] demonstrated the feasibility of DSRR (Double Sided Split Ring Resonator) structure based wireless sensors for applications in temperature, humidity, density, concentration or pressure sensing. However, the common methods of fabricating SRR structures such as photolithography or electron beam 1530-437X © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. lithography make the fabrication complicated and costly.
In this study, a metamaterial inspired cheap, passive wireless temperature sensor is proposed that can work in high temperature and harsh environments. This is achieved by using a dielectric matrix that embeds two CRR structures. The sensor unit can be represented as an LC circuit and the resonance frequency of this circuit/structure will change with the change of temperature enabling the measurement of temperature. The model is validated through finite element method and the effect of different geometry and combination of SRR structures on the sensitivity and electrical sizes of the proposed sensor are evaluated.
II. MODELING THE SENSOR STRUCTURES
The proposed sensor has two closed metal ring resonators embedded in a dielectric material matrix, which separates the two resonators as depicted in Figure 1(a) . The dielectric matrix surrounding the metal rings will help protect the metals from harsh and corrosive environments. The whole structure acts as an LC resonance circuit. The equivalent circuit is also suggested in Figure 1(b) . Determination for the capacitance (C) and inductance (L) terms can be found elsewhere [20] [21] [22] . The resonance frequency of the structure can be expressed as:
where, f is resonance frequency. The simplest expression for capacitance can be given as:
where, ε 0 is the relative permittivity of vacuum, ε r is the relative permittivity of the dielectric matrix, A is the area of one ring resonator and d is the distance between the two resonators. Since, ε 0 , A, and d are constant for a certain sample, the capacitance depends on the value of ε r which is dependent on the temperature. Therefore, any change in temperature changes the relative permittivity of the dielectric matrix and hence changes the capacitance and the resonance frequency of the structure.
III. COMPARISON OF DIFFERENT RING RESONATOR STRUCTURES
To validate the feasibility of the sensor and to determine the geometry and configuration, finite element based modeling was performed using Ansys Ansoft HFSS (High Frequency In all the models, a dielectric material separates two ring resonator structures. The distance between these two rings is d as identified in Figure 4 . The length = width = L = 6 mm, and thickness = D = 3 mm. The sides of each ring is l 1 = 4 mm (all structures except CRR), l 2 = 3 mm (not present in BC-SRR, BC-CSRR, CRR structure), l 3 = 2 mm (only in MSRR and DMSRR). The width of the metal rings w = 0.3 mm and thickness t = 0.03 mm are same for all the SRR structures in every model. Except for CRR, all other ring resonator structures have a split of g mm. The outer diameter for CRR and CSRR structure is 4 mm. In case of EC-SRR, DSRR, DMSRR, and MSRR, separation between the two rings is s = 0.1 mm. PEC (Perfect Electric Conductor) and PMC (Perfect magnetic Conductor) boundary conditions were used on the surfaces perpendicular to the z axes and x axes respectively while y axis was chosen as the direction of propagation.
A. Influence of Substrate Thickness
To determine the effect of substrate thickness on sensor characteristic, transmission spectra of different SRR structured sensor models are simulated by the HFSS software using the geometry parameters constant as mentioned above but varying the substrate thickness, d = 0.5 mm, 1 mm, 1.5 mm, 2 mm, 2.5 mm and 3 mm. As the substrate thickness d of the CRR structure increases from 0.5mm to 3mm, the resonance frequency of this sensor structure decreases from 14.44 GHz to 12 GHz with a sensitivity of 976 MHz/mm over the range as shown in Figure 5 (a). While for EC-SRR structure, the variation is small with all the resonance frequencies within 2.5-2.6 GHz. The sensitivity for this structure for substrate thickness increase is 28 MHz/mm.
For DSRR, as this structure has SRR structures on both sides, changing the substrate thickness has greater influence on the resonance frequency than the EC-SRR structure. A drop in the resonance frequency value is also expected because of the higher capacitance between the SRRs on opposite sides. As shown in Figure 6 (a), for DSRR structures, the resonance frequency increases from 2.00 GHz to 2.44 GHz and the sensitivity of thickness change is 176 MHz/mm. For BC-SRR structure, the resonance frequency increases from 2.3 GHz to 2.98 GHz with a sensitivity of 272 MHz per mm, as shown in Figure 6 (b). It should be noted that the resonance frequency values for this structure is in between EC-SRR and DSRR since there is only one SRR structure on each side; there is no capacitance effect between neighboring SRRs as in DSRR structure. However, because of the higher capacitance between the SRRs on opposite sides, the resonance frequencies are lower than EC-SRR structure. The DMSRR structure (Figure 7(a) ) has lower resonance frequencies than DSRR structure for the same substrate thickness. The frequency range for this structure is from 2 GHz to 2.43 GHz with a sensitivity of 172 MHz / mm. BC-CSRR structure (Figure 7(b) ), which consists of circular split rings instead of square rings and has the diameter equal to one side of the square SRR in BC-SRR structure, displays a higher resonance frequency at any substrate thickness value than the BC-SRR structure. The range of resonance frequency for BC-CSRR structure is from 2.88 GHz to 3.74 GHz with sensitivity of 344 MHz/mm. MSRR structure (Figure 8(a) ) displays resonance frequency close to the EC-SRR structure since there is only one additional ring added to the EC-SRR structure. It demonstrates that adding more SRR structure on one side will decrease the resonance frequency. The sensitivity of this structure in terms of substrate thickness is also 28 MHz/mm. Figure 8 (b) depicts a comparison among all the different structures in terms of their change in resonance frequency with the change of substrate thickness. Only CRR structure shows a decrease in resonance frequency with the increase of the substrate thickness while the other structures display an increase but with different sensitivity. In addition, it has the highest sensitivity to the change of substrate thickness than the other structures.
B. Influence of Split Gap (g) on Resonance Parameters
Effect of split gap on the resonance frequency of the structure was evaluated from a gap ranging from 0.2 mm to 3.4 mm. All the other parameters were kept constant. Thickness of each dielectric material layer was 1 mm, ring thickness = 0.03 mm, length of the sides of the SRR was 4mm by 4mm and same material was used. Since the CRR structure has no split, this parameter is not applicable to this structure. All the other structures show an increase of resonance frequency with the increase of split gap as shown in Figure 9 . This behavior is expected, as the split acts as a parallel plate capacitor and the increase of the split width decreases the capacitance due to the increase of parallel plate distance [26] . The highest change in resonance frequency was observed for the BC-CSRR structure which shows a change of 470 MHz increase with 1 mm increase of the split gap. The BC-SRR structure displays a change of the resonance frequency from 2.54 to 2.83 GHz with a total change of 290 MHz. The least sensitive structure among these structures is the DMSRR, which shows a change of 190 MHz as the resonance frequency increases from 2.12 to 2.31 GHz. The EC-SRR and MSRR structures display similar behavior and have the resonance frequency values close to each other. It is seen that the resonance frequency is reduced with the introduction of one additional SRR structure in the EC-SRR structure.
C. Effect of Relative Permittivity (ε r ) on the Resonance Frequency
To evaluate the temperature sensitivity of the sensor structures, the standard dielectric constant of LiNbO 3 from Fig. 9 .
Effect of split gap on resonance frequency for different SRR structured units.
450°C to 800°C was taken into account [27] , which varies from 52 to 145 within this temperature range. Using the dielectric constant of 52, 55, 65, 70, 76, 87, 110 and 145 at temperatures 450°C, 500°C, 550°C, 600°C, 650°C, 700°C, 750°C and 800°C, respectively, the temperature sensitivity of all the different structures was evaluated. All the structures show a decline in the resonance frequency with the increase of temperature. While CRR structure shows the highest resonance frequency values as expected, it also shows the highest sensitivity of 7. 
D. Comparison of the Electrical Sizes of the Sensor Model With Different SRR Structures
For a metamaterial unit cell smaller electrical size provides better effective medium approximation and better accuracy from the quasi-static analysis is also expected. The electrical size of the different structures can be calculated using equation (2) and to have a common base of comparison for all the structures, the resonance frequency values for dielectric constant of 145 from Figure 10 (b) are used. Electrical size of a resonator cell is defined as [24] ,
where, D = Maximum linear dimension of the resonator = Diagonal of the square sample √ 6 2 +6 2 = 8.49mm λ 0 = Free space wavelength at the resonance frequency [24] , [28] 
IV. CONCLUSION
The feasibility of a passive wireless temperature sensor is validated through Finite Element Method using HFSS. In order to obtain the optimum dimensions, effect of substrate thickness and split gap were evaluated and compared against other common metamaterial structures found in literature. A comparative analysis of the sensitivity of each structure was examined using the dielectric constant of LiNbO 3 at different temperatures. It was observed that the CRR structure is highly sensitive to the change of temperature compared to the other structures and hence suitable as a temperature sensor. In addition, the use of CRR structures makes the sensor fabrication process simple and low cost as commercially available washers can be used as a CRR structure and complicated fabrication processes such as photolithography can be avoided. 
